Incomplete clearance of apoptotic cells and reactive oxygen species (ROS) release are known to trigger inflammasome activation causing severe inflammation in acute lung injury and various metabolic and autoimmune diseases. Moreover, it has been reported that apoptotic cell clearance and ROS-mediated apoptosis critically depend on mitochondrial uncoupling protein-2 (UCP2). However, the relationship between UCP2 and inflammasome activation has not been studied. This report investigates the role of UCP2 in the expression and activation of NACHT, LRR and PYD domains-containing protein 3 (NLRP3) inflammasome in human macrophages. We found that UCP2 overexpression significantly enhanced the expression levels of NLRP3. The NLRP3 expression levels were significantly suppressed in THP1 cells treated with genipin, a UCP2 inhibitor, compared to controls. In addition, genipin altered adenosine triphosphate (ATP)-and hydrogen peroxide (H 2 O 2 )-mediated interleukin-1 beta (IL-1b) secretion and significantly suppressed caspase-1 activity in inflammasome-activated human macrophages. Taken together, our results suggest that genipin modulates NLRP3 inflammasome activation and ATP-or H 2 O 2 -mediated IL-1b release.
Introduction
Inflammasomes are multimeric protein complexes that recognize a diverse set of inflammation inducing stimuli such as pathogen-associated molecular patterns (PAMPs) and danger-associated molecular patterns (DAMPs); they are involved in caspase-1-mediated processing and secretion of pro-inflammatory cytokines like interleukin-1b (IL-1b), IL-18, and IL-33 [1] . The nucleotide-binding domain and leucine-rich repeat (NLR) proteins act as a central shaft, and recruit the adaptor component of the inflammasome apoptosis-associated speck-like protein containing a CARD (ASC) and caspase-1 to process IL-1b [2] .
Among the NLRs, the NLR family pyrin domain protein 3 (NLRP3) known as cryopyrin/NALP3 is well documented to be involved in sensing a large variety of inflammasome stimuli such as reactive oxygen species (ROS) stress response, extracellular ATP, cholesterol, and crystals such as monosodium urate [3] [4] [5] [6] . The inflammasome is stimulated by a two-step process; the first step is achieved by the activation of receptors known as the pathogen response receptors (PRRs). The PRRs in turn activate stimuli such as LPS (lipopolysaccharide) or NF-jB and prime the formation of the NLRP3 complex [7, 8] . In the second step, various stimuli such as ROS or intracellular stimuli such as sterile inflammation activate the NLRP3 complex [9] . In activated human monocytic THP1 cells, the cells have the unique property of displaying inflammasome activation without the priming steps. In addition, it has been shown that similar outcomes are observed in human primary PBMC as both human PBMC and THP1 cells are capable of inducing NLRP3-mediated IL-1b release [10] . The induction of NLRP3 is important for inflammasome activation. The NLRP3 inflammasome is activated by ATP through the P2X7 receptor and is in response to low intracellular potassium levels [11] . Previous reports have also demonstrated the involvement of ROS in the activation of inflammasome [12] .
The inflammasome is part of the innate immune system and acts through caspase-1 activation and production of cytokine IL-1b against microorganisms [13] . IL-1b is known to be an important mediator of inflammatory response and can cause a variety of auto-inflammatory diseases including cryopyrin-associated periodic syndrome (CAPS) and Muckle-Wells syndrome if genetic mutations are present in NLRP3 [14, 15] . The inflammasome also plays a role in cellular functions such as apoptosis and pyroptosis [16] .
Uncoupling protein-2 (UCP2) is a proton carrier protein found in the inner membrane of mitochondria; it is known to help regulate the activation of ROS and partakes in cell signaling mechanisms [17] [18] [19] . Evidence suggests that UCP2 also controls macrophage activation by moderating the production of mitochondrial ROS and MAPK signaling [20] . In addition, UCP2 in glial cells have been shown to control neuroinflammation and ER stress. UCP2 has also been reported for its role in regulating apoptosis in different cell systems [21, 22] . In addition, the overexpression of UCP2 in the liver causes acute liver injury [23] . Genipin, which was initially isolated from the Chinese medicinal plant Gardenia jasminoides, is well-known to be a potent inhibitor of UCP2 [24, 25] . However, the mechanism by which UCP2 regulates NLRP3 inflammasome activation is still not understood. Since we consider that UCP2 regulates NLRP3, the inhibition of UCP2 with genipin should consequently inhibit NLRP3. Therefore, we investigated the role of UCP2 and its inhibitor, genipin, in the regulation of inflammasome expression and activation in human macrophages.
Materials and methods

Cells and reagents
THP1 cells derived from human blood with acute monocytic leukemia were obtained from American Type Culture Collection (ATCC, Manassas, VA) and were maintained in RPMI-1640 medium as per vendor instructions. PMA (Sigma-Aldrich, St. Louis, MO), nigericin (Sigma-Aldrich, St. Louis, MO), and ATP (Enzo Life Sciences, Farmingdale, NY) were purchased from its respective vendors. Anti-mouse (Cell Signaling Technology, Danvers, MA) and anti-rabbit (Cell Signaling Technology, Danvers, MA) secondary antibodies were used to detect protein expression in Western blots. Primary antibodies specific to NLRP3, ASC (Enzo Life Sciences, Farmingdale, NY), caspase-1 (Santa Cruz, Dallas, TX), IL-1b (Cell signaling Technology, Danvers, MA), and UCP2 (R&D systems, Minneapolis, MN) were purchased from its respective companies.
Treatment with inflammasome stimulators and genipin
Inflammasome was stimulated in THP1 cells as previously mentioned [26] . In brief, THP1 cells (monocytes) were differentiated by adding 0.5 lg/ml of PMA for 3 h, and medium was replaced with complete RPMI overnight. After 24 h, cells were briefly washed with PBS and 10 lg/ml of nigericin; 5 mM H 2 O 2 or 5 mM ATP was added to THP1 cells pretreated with or without genipin (50 lM, 100 lM, 250 lM). The activation of the inflammasome was confirmed by measuring IL-1b secretion in supernatants and comparing the expression of mature IL-1b or caspase-1 expression by Western blot analysis.
Transfection of THP1 cells
THP1 cells were seeded at 0.5 million cells per well in a six-well plate and differentiated with 0.5 lg/ml of PMA for 3 h. To remove the residual effect of PMA, the medium was replaced with complete RPMI-1640 overnight. After 24 h, the medium was replaced by serum-free RPMI-1640 and cells were transfected with 2.5 lg/well of control vector or UCP2-GFP (OriGene, Rockville, MD) plasmids using Lipofectamine Ò LTX and PLUS Reagent (Invitrogen, CA, USA) as per the manufacturer instructions. After 4 h post-transfection, the medium was replaced with complete RPMI-1640. After 24 h, the cells were washed with PBS and medium was replaced by serum-free RPMI-1640 for 2 h and the cells were treated with different inflammasome activators or UCP2 inhibitor genipin at different concentrations. Transfection efficiency was analyzed by fluorescence.
Cell viability assays
MTT assay was performed using a commercial kit (R&D Systems, Minneapolis, MN) as per the manufacturer instructions. Trypan blue exclusion assay was performed as described previously [27] .
Western blot
Cells were lysed with RIPA buffer and protein quantification was performed using the BCA assay kit. Uniform quantity of protein was loaded on to SDS-PAGE, and protein was transferred to PVDF membrane as previously mentioned [28] . The supernatant was acetone-precipitated, resuspended in RIPA buffer, and used to detect IL-b and caspase-1. The membrane was blocked for 1 h in 5% nonfat dry milk and PBS containing 0.05% TWEEN-20 (PBS/T). Primary and secondary antibodies were diluted to 1000-fold in blocking buffer, and washing steps were followed as previously described [28] . A Pierce ECL Western blotting substrate kit (Thermo Scientific, Rockford, IL) was used to detect the protein and exposed in a ChemiDoc XRS (Biorad, Hercules, CA).
ELISA
Levels of IL-1b in supernatants were estimated using a commercial ELISA kit (eBioscience, San Diego, CA) as per the manufacturer instructions.
Statistics
Statistical analysis was performed with GraphPad Prism 5 (GraphPad Software Inc, San Diego, CA). Statistical difference for data sets was determined using one-and two-way ANOVA. P < 0.05 was considered significant.
Results
Overexpression of UCP2 increases NLRP3 expression in human THP1 cells
Increased inflammasome activation and NLRP3 expression have been reported in several autoinflammatory disorders [11, 29, 30] . To investigate the role of UCP2 in inflammasome activation, we initially evaluated if overexpression of UCP2 alters NLRP3 levels in differentiated THP1 cells (Fig. 1A) . The overexpression of UCP2 caused a significant increase in NLRP3 compared to vector control-transfected THP1 cells or untransfected THP1 cells (Fig. 1B) . These results suggest that UCP2 is associated with an increased expression of NLRP3 in human macrophages (Fig. 1C) .
NLRP3 expression is altered by genipin
Genipin is a well-known UCP2 inhibitor and has been recognized to inhibit superoxide-activated UCP2-mediated proton leak in several diseases [24] . Since our results indicated that UCP2 might, in part, regulate the expression of NLRP3 levels in human macrophages, we then checked whether genipin can alter the expression levels of NLRP3 and other inflammasome components such as ASC. Differentiated THP1 cells were treated with different concentrations of genipin (50 lM, 100 lM, and 200 lM) and were incubated for 24 h. Expression levels of NLRP3 and ASC were assessed by Western blot analysis. Our results suggest a significant drop in the levels of NLRP3 at all the concentrations of genipin when compared to controls, however, the levels of the adaptor protein ASC did not change ( Fig. 2A-C) . This shows that genipin regulates the expression of the NLRP3 component of the inflammasome. Further, to avoid the possibilities of cytotoxic effects of experimental dosage of genipin, PMA-differentiated THP1 cells were treated with a range of 50 lM, 100 lM, and 250 lM of genipin for 24 h and the cell viability was compared with untreated control using a proliferation assay. The presence of genipin did not affect the cell viability ( Fig. 2D and E) . Based on the results from cell viability in which we measured concentrations 25-200 lM, we optimized the concentration of genipin at 50 lM [24, 31] .
Genipin inhibits ATP-mediated inflammasome activation in human macrophages
Based on the findings reported above, we further checked whether genipin can alter NLRP3 and other inflammasome components in the presence of inflammasome activators such as ATP and nigericin. The NLRP3 inflammasome was stimulated in differentiated THP1 cells by ATP or nigericin in the presence or absence of genipin. Western blot analysis was performed to elucidate the expression levels of NLRP3 and ASC in ATP-or nigericin-treated THP1 cells. No significant differences in NLRP3 or ASC levels were found in cells treated with ATP or nigericin and with/without genipin (Fig. 3A-C) . However, there was a significant drop in IL-1b levels in cells pretreated with ATP and post-treated with genipin when compared to cells pretreated with ATP alone. This difference was not found in cells treated with nigericin (Fig. 3D) . It is known that macrophage activation releases the proinflammatory cytokines TNF-a (tumor necrosis factor-alpha) and IL-6 (interleukin-6), however these proinflammatory cytokines are not released upon inflammasome activation. Therefore, to check the specificity of genipin suppressed inflammasome activation, we assessed IL-6 and TNF-a in differentiated THP1 cells by ATP or nigericin in the presence or absence of genipin. Our results showed no significant difference in IL-6 and TNF-a secretion levels ( Fig. 3E and F) . These results suggest that genipin suppresses ATP-mediated inflammasome activation and IL-1b secretion without altering the basal levels of the inflammasome components. In addition, our results also suggest that genipin inhibition of ATP-mediated inflammasome activation does not alter proinflammatory cytokines IL-6 and TNF-a.
ROS-mediated inflammasome activation is inhibited by genipin
UCP2 has been implicated in modulating ROS secretion in different pathways such as proliferation, apoptosis, and differentiation [32] . Mitochondrial ROS was previously shown to be involved in signaling the NLRP3 inflammasome and induce the processing and secretion of IL-1b [12, 19] . To determine the effects of genipin on ROS-mediated inflammasome activation, we exposed differentiated THP1 cells to H 2 O 2 and then post-treated them with genipin. The supernatants were analyzed for IL-1b secretion by ELISA. Our findings show a significant drop in the levels of IL-1b in cells post-treated with genipin when compared to untreated cells (Fig. 4A) . Additionally, H 2 O 2 -mediated induction of cleaved IL-1b and caspase-1 in supernatants was significantly inhibited in the presence of genipin (Fig. 4B) . These results suggest that genipin regulates H 2 O 2 -mediated inflammasome signaling and IL-1b secretion.
Discussion
Mutations in the NLRP3 inflammasome are known to cause cryopyrin-associated disorders [29, 30] . In addition, there have been reports that incomplete phagocytosis leads to inflammasome activation and that UCP2 is involved in phagocytosis [32] . Since IL-1b-mediated disorders and cryopyrinopathies are known to be associated with inflammasomes [33] , recent strategies focus to minimize the severity of them by targeting the NLRP3 inflammasome activation.
In our current study, we analyzed the role of UCP2 and its inhibitor, genipin, in regulating inflammasome activation. The results in our report demonstrated that overexpression of UCP2 significantly increases the NLRP3 levels in human macrophages; this revealed that inflammasome regulation can be, in part, due to UCP2 (Fig. 1) . We speculated that using genipin, a UCP2 inhibitor, can suppress the inflammasome activation if the mechanism of activation is partly via UCP2. When treated with 50 lM, 100 lM, and 250 lM of UCP2 inhibitor at 24 h, the human macrophages showed a significant drop in the expression levels of NLRP3 (Fig. 2) . Surprisingly, there was no change in levels of the adaptor protein ASC.
Since we observed significant alterations in NLRP3 expression when treated with genipin, we next analyzed if genipin can suppress the inflammasome activation in the presence of activators such as ATP, nigericin, or a ROS inducer like H 2 O 2 . Our results indicated a significant drop in IL-1b levels in cells post-treated with genipin after ATP-mediated induction (Fig. 3) but not in proinflammatory cytokines IL-6 and TNF-a. Such differences were also not observed in nigericin-mediated human macrophages. This inhibitory effect of IL-1b secretion acts on ATP, but not nigericin, because it inhibits ATP activation on the P 2 X 7 receptor channel. This compelling evidence suggests that UCP2 is involved in regulating mitochondrial ROS-mediated response in several diseases. Next, we analyzed if the UCP2 inhibitor genipin can inhibit H 2 O 2 -triggered (ROS-mediated) NLRP3 inflammasome induction and IL-1b release in human THP1 cells. Our results indicated a significant drop in IL-1b levels in THP1 cells post-treated with genipin (Fig. 4) . Western blot analysis also revealed a significant drop in the levels of cleaved IL-1b and caspase-1 in genipin-treated human macrophages. As we continue to comprehend the mechanisms of inflammasome activation and the different inhibitors that can suppress inflammation, we believe investigating the role of UCP2 and genipin in inflammasome activation will further help to develop clinically effective therapeutic treatments which can target pathways that cause inflammation. To conclude, we believe that further research on targeting UCP2-mediated inflammasome activation by UCP2 inhibitors like genipin can lead to improvements in treatment for countless patients with inflammatory-related diseases, particularly in NLRP3 inflammasome activation-mediated disorders. 
